In a world of increasing coastal inundation hazards, an understanding of daily through to monthly tidal envelope 7 characteristics is fundamental to resilient coastal management and development practices. For decades, scientists have 8 described and compared daily tidal forms around the world's coasts based on the four main tidal amplitudes. Our paper builds 9 on this 'daily' method by adjusting the constituent analysis to distinguish the different monthly types of tidal envelope 10 occurring in the semi-diurnal coastal waters around Aotearoa New Zealand. Analyses of tidal records from 23 stations are 11 used, alongside data from the FES2014 tide model database and theoretical experiments, in order to find the key characteristics 12 and constituent ratios of tides that can be used to classify monthly tidal envelopes. The resulting monthly tidal envelope 13 classification approach described ( ) is simple, complementary to the successful and much used daily tidal form factor (F), 14 and of use for coastal flooding, climate change and maritime operation management and planning applications in semi-diurnal 15 regimes. 16
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were selected for analysis from amongst multi-year records. The 23 tidal records were harmonically analyzed using T_Tide 78 (Pawlowicz et al., 2002) to examine spatial variation in the main tidal constituents' amplitudes, phase-lags, and amplitude 79 ratios, between regions and in comparison with their tidal potential values from Equilibrium Theory (see Table A1 for raw 80 results). An additional set of tidal constituent amplitude data was sourced from Tables 1 and 3 of Walters et al. (2010), derived 81 from 33 records of between 14 and 1900 days length, from around the greater Cook Strait area between ANZ's two main 82 islands, where spring-neap tides reach the strongest in the country. 83
We then classified the monthly tidal envelope types found around ANZ based on detailed examination of constituent ratios 84 produced from the tidal harmonic analysis results, as well as data from the FES2014 tide model (see Carrere et al., 2016 for a 85 full description of this database), and experimental plots of the different tidal envelope types generated from this constituent 86 data. Due to the strong semi-diurnal tidal regimes in the study area, and similar to the approach of Walters et al. (2010) , we 87 were able to ignore sidereal (K1, O1) effects and simply consider the effects of spring-neap (M2, S2) and perigean-apogean 88 cycles (M2, N2) in our monthly tidal envelope type characterization. 89 3 Results 90
Key tidal constituent amplitudes and amplitude ratios 91
In order to better understand the key constituents responsible for shaping tidal height forms around ANZ, we first mapped 92 variability in the amplitudes of the semi-diurnal and diurnal constituents listed in Table Tidal amplitude ratio comparisons confirmed that the waters around ANZ are dominated by the three astronomical semi-96 diurnal tides: M2, S2 and N2 (Table 2) , the combination of which can generate fortnightly spring-neap tides (M2 and S2) and 97 monthly perigean-apogean tides (M2 and N2). Figure 3 reinforces the relatively minor magnitudes of diurnal constituent 98 amplitudes (O1, K1), as well as revealing the stronger west coast amplitudes of the spring-neap cycle generating constituents 99 (M2 and S2), the relatively weak S2 amplitudes overall (half that of Equilibrium Theory), and the more concentric pattern 100 around ANZ of the perigean-apogean cycle generating N2 amplitude. 101
In terms of the semi-diurnal constituent amplitude ratios, Figure 4 and Table 2 show that values cover a broad range around 102 ANZ (0.04 to 0.47), with most sites exhibiting relatively smaller values (<0.27 at 22 out of 23 sites) than that of Equilibrium 103 Theory (0.466). In contrast, ratios were found to be more stable around ANZ (values ranging from 0.16 to 0.23) and similar 104 in magnitude to Equilibrium Theory (i.e. 0.191). By grouping the constituent amplitude and amplitude ratio results (Figures 3  105 to 4), we were able to distinguish four distinct monthly tidal envelope regimes around ANZ (Table 2) . 106
Firstly, 'spring-neap' type tidal regimes occur where the S2 tide amplitude is large compared to that of the N2 (Table  107 2, Figure 3 ). In these areas there are two spring-neap tides per month with similar ranges, and negligible influence of 108 perigean-apogean cycles. Such a regime occurs in the Kapiti and Cook Strait area (Figure 1) , where the N2 and M2 109 amplitudes reduce by 75 to 90%, but the S2 amplitude reduces by only about 30%, compared to on adjacent coasts. 110
111
In direct contrast, there are 'perigean-apogean' type tidal regimes, in areas where the N2 amplitude strongly 112 dominates over the S2 (Table 2, Figure 3 ). In this type of tidal regime, the M2 and the N2 tides combine to produce 113 strong signals over anomalistic timeframes (27.5546 days) . Hence the highest tidal ranges in any given month occur 114 in relation to the perigee, when the moon's orbit brings it close to Earth, rather than in line with the moon's phase, as 115 is typical in spring-neap regimes. This type of regime occurs, for example, around the northern Chatham Rise near 4/25
The remaining coastal waters around ANZ can be separated into two tidal sub-regions, one with strong spring-neap signals 118 and the other with strong perigean-apogean signals, but both with overall mixed or intermediate monthly tidal envelope types 119 (Table 2) . We distinguished these two envelope types via the combined variability of the ratios of and (i.e. of the 120 spring-neap cycle; and perigean-apogean cycle forming tides, respectively). By examining these ratios we take account of the 121 moderating influence of the M2 tide at both synodic and anomalistic timeframes. In brief, the and ratios vary widely Table 2 ). This type of 138 tide occurs, for example, at the Auckland and Sumner sites. 139 Figure 5 illustrates the four types of monthly tidal envelope found around ANZ as idealized types, two with stronger spring-140 neap signals (hereafter referred to as Types 1 and 2, see Figure 5 a-b) and two with stronger fortnightly perigean-apogean 141 signals (hereafter Types 3 and 4, see Figure 5 c-d). 142
A monthly tidal envelope factor ( ) for semi-diurnal regimes 143
The four types of monthly tidal envelope types found around ANZ are essentially different combinations of spring-neap and 144 perigean-apogean signals. Thus, in a similar manner to van der Stok's (1897) method for calculating daily tidal form factors, 145 a monthly tidal envelope factor ( ) may be calculated for semi-diurnal tidal regions, including that of ANZ, according to: 146 ,
( 1 ) 147 which can be further expressed as: 148
( 1 a ) 149 for areas characterized by more stable (e.g., lower variability) values of compared to , or as: 150 (1b) 151 for areas characterized by more stable (e.g., lower variability) values of compared to . 152 https://doi.org/10.5194/os-2019-122 Preprint. Discussion started: 11 December 2019 c Author(s) 2019. CC BY 4.0 License.
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takes into account the roles of the S2 and N2 tides in spring-neap and perigean-apogean cycles, while also factoring in the 153 strong M2 tide influence in both types of cycle.
may be used to classify the monthly tidal envelope types of any semi-154 diurnal region (i.e. where F<0.25) based on the analysis of constituent amplitudes and ratios from local data . Below we explain 155 the four steps undertaken to successfully set the boundaries between different monthly tidal envelope types, thereby classifying 156 the region's tides, using our ANZ case study data. 157
Step 1: Separating regimes dominated by spring-neap versus perigean-apogean signals 158
Fundamentally, in any semi-diurnal tidal regime (F<0.25) anywhere in the world where < 1, spring-neap cycles will be a 159 clear feature of the tidal height records (Table 1) . This applies to the waters around ANZ. Thus, we set an initial boundary 160 between different monthly tidal envelope types at = 1 (Table 4) . That is, regimes where < 1 feature stronger spring-161 neap cycles, while regimes with > 1 feature stronger perigean-apogean signals. As summarized in Table 2 , compared to 162 areas that experience stronger spring-neap influences, areas of the ANZ coast with stronger perigean-apogean influences are 163 characterized by relatively smaller S2 amplitudes (2-18 cm), with stronger N2 amplitudes (10-22 cm). 164
Step 2 (Table  170   A1 ). 171
To set a boundary between Types 1 and 2 in any semi-diurnal tidal regimes around the world (and between Types 3 and 4 as 172 explained below), it was necessary to take account of the moderating influence of the M2 amplitude compared to the 173 magnitudes of the S2 and N2 amplitudes, since the M2 constituent influences monthly tidal envelopes at both synodic (spring-174 neap) and anomalistic (perigean-apogean) timescales (Table 1) . In order to do this, experiments were conducted to explore 175 two additional ratios: 176 i.
the ratio of the 'annual' maximum tidal range to the subsequent tidal range (MTR); and 177
ii.
the ratio of the 'annual' maximum spring tide range to the subsequent spring tide range (MSR). 178
179
We determined that the monthly tidal envelope boundary ( between spring-neap (Type 1) and intermediate, spring-neap 180 dominant (Type 2) regimes would occur at point where the MTR and MSR tidal range ratios exhibited the same value. 360 181 days of synthetic tidal range data were generated under conditions of F=0.25 (the boundary between 'semi-diurnal' and 'mixed, 182 mainly semi-diurnal' type daily forms); and ; ; and (a subset of the 183 assumptions employed by Courtier, 1938) .When F=0.25, calculations revealed that the MTR value was 0.795. When the MSR 184 ratio was set to the same value (0.795), calculations revealed that the value was 0.795 ( Figure A1 ). Based on this value, a 185 review of our observation records revealed that the Kapiti site, with its value of 0.79, exhibited the only completely spring-186 neap dominated site amongst our ANZ records. Hence we found that the boundary between monthly tidal envelope Types 1 187 and 2 in ANZ would site somewhere between the tidal regimes of Kapiti and the site with the next strongest spring-neap 188 influence, Manukau, where . 189 https://doi.org/10.5194/os-2019-122 Preprint. Discussion started: 11 December 2019 c Author(s) 2019. CC BY 4.0 License.
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Step 3: Separating regimes with 'perigean-apogean' and 'intermediate, perigean-apogean dominated' monthly tidal 190 envelopes 191
Amongst our case study sites, areas with the most extreme perigean-apogean signal typically exhibited values of about 192 0.04 to 0.05 (Table A1 ). In order to determine the boundary between 'perigean-apogean ' and 'intermediate, perigean-apogean 193 dominant' regimes (i.e. Types 3 and 4), we conducted 31 experiments each generating 360 days of synthetic tidal ranges based 194 on the fixed condition of = 0.05, but with values ranging from 3 to 6 at intervals of 0.01 using Eq. (1a). Examining the 195 shapes of the resultant monthly tidal envelopes, we were able to set a boundary value between Types 3 and 4 regimes at 196 1.15 in NZ waters (Table 4, Figure 6 ). 197
In summary, Figure 7 illustrates the classification of monthly tidal envelope types in the waters around ANZ using . We 198 find the west coast is characterized by Type 2 monthly tidal envelopes, with two unequal spring-neap cycles per month. Type 199 7/25 Figure 1b illustrates the division of the semi-diurnal areas of the world's oceans into those where spring-neap cycles are the 229 main monthly tidal envelope influence versus those where the perigean-apogean signal is paramount, while Figure 1c illustrates 230 areas of the world's oceans where spring-neap signals are minor compared to 'perigean-apogean' influences in the monthly 231 tidal envelope. The potentially predictable but relatively lower frequency tidal water level fluctuations such as those in our 232 perigean-apogean monthly envelope classes are an important cause and moderator of coastal inundation hazards in different 233 locations around the world (e.g. Wood 1978 Wood , 1986 Stephens 2015) . 234
The simple approach to classifying monthly tidal envelope types in semi-diurnal regions demonstrated in this paper 235 complements the existing, commonly used way of describing daily tidal forms based on the amplitudes of the four key, diurnal 236 (K1, O1) and semi-diurnal (M2, S2) constituents (e.g. Defant 1958). We hope that our work inspires other efforts to study tidal 237 height variations at timescales greater than daily, work which could draw renewed attention to the fundamental role of tidal 238 water levels in shaping coastal environments, including in hazards such as low-frequency coastal flooding. 239
Data Availability 240
The tidal data used in this paper are available from LINZ (2017a; 2017b), NIWA (2017) for the (a) M2, (b) S2, (c) N2, (d) K1, and (e) O1 tides around ANZ, and (f) 
